Abstract-Multilevel inverters controlled suffers from the issue of harmonic distortion in the output voltage. Selective Harmonic Elimination (SHE) technique plays an effective role to eliminate these harmonics. The undesirable odd harmonics can be eliminated by having optimized the switching angles in SHE signal. To optimized and obtained these switching angles, a number of nonlinear equations should be solved using a numerical method. In addition to the modulation index, by changing the value of the duty cycle the Total Harmonics Distortion (THD) will also change. In this paper, a novel Optimization Harmonic Elimination Technique (OHET) based on SHE scheme is proposed in order to minimize Total Harmonic Distortion (THD). To evaluate and investigate the performance of the proposed scheme, a seven-level cascaded inverter is simulated by MATLAB and PSIM software.
I. INTRODUCTION
The rapid development of power electronic devices, better be called renewable energy electronics, has effectively contributed to find more utilization of renewable energy applications in wind and solar energy. DC/AC inverter has become more interesting for interfacing between renewable sources and the grid in order to invert the energy from DC to AC form [1] [2] [3] [4] . Recently, Multilevel Inverters (MLIs) have become more popular in photovoltaic (PV) applications. These topologies are mainly utilized in high and medium power practical applications because of their capacity to generate a high-quality output signal with decreased switch loss by power switches employed [5, 6] . However, multilevel inverters include a number of cells of power semiconductor devices which suffer from some challenging issues in more complex topologies [7] . By increasing the number of levels the quality of the output wave shape improves with minimizing THD and making the output closer to a sinusoidal signal [8] . The suitable topology for medium and high power application is Cascaded full bridge multilevel inverter. The control circuit of this kind of inverters is simpler than other topologies [9] . Also, it can be easily extended to higher levels to produce high power by adding more units of H-Bridge on the series connection. The main disadvantage of the cascade multilevel inverter is the large number of DC voltage sources wanted to feed all the H-bridge cells, and hence all these DC sources have to be isolated [10] . However, it can reduce the switching losses and eliminate the effect of harmonic spikes from the output waveform with higher efficiency [11] . The THD of the multilevel inverters output voltage must be a minimum value. Several modulation techniques have been used to control the operation of the switching devices, the fundamental amplitude of the output waveform and THD dependent on the switching frequency [12, 13] . For high switching frequency methods, Sinusoidal Pulse Width Modulation is a more suitable scheme [14] . This technique is not able to cancel the low order odd harmonics completely from the output voltage signal, also with using high switching frequency in high power application, the switching losses lead to major concern from the total multilevel converters losses [15, 16] . SHE scheme is utilized for low switching frequency multilevel converters application. This technique is used to cancel the low order odd harmonics from the output
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voltage signals by computing a set of identified nonlinear equations [17, 18] . Modulation index and Duty cycle are significant parameters affecting negatively or positively on the THD. In this paper, optimization harmonic elimination scheme for cascaded multilevel inverters is investigated based on SHE technique. PSIM software is used to evaluate the performance of the proposed scheme on the THD and the output voltage of cascaded seven-level inverter.
II. CASCADED MULTILEVEL INVERTER
Cascaded multilevel converters have added more attention to their utility in industrial and renewable energy electronics, mainly attributed to its modularity, symmetrical structure, and simplicity of control circuit. Series of full bridge units are connected with each isolated DC voltage source for each in cascade topology in order to generate a high quality and high power output voltage waveform. [19] [20] [21] [22] . Therefore, the maximum output voltage level of the cascaded multilevel inverter corresponding to the sum of the output voltage of all active H-Bridges and the number of levels can be calculated by:
Where: l is the number of levels, and s is the number of input DC voltage sources.
A typical topology of a seven-level cascaded inverter contains three units of H-Bridge inverters tied in series with three isolated DC voltage sources as depicted in Figure 1 . Each unit can produce three levels in its output waveform, (+Vdc, 0, and -Vdc). The output voltage waveform of a seven-level cascaded inverter is presented in Fig. 2 . 
III. SELECTIVE HARMONIC ELIMINATION
SHE technique is a mathematical (programmable) technique applied to generate a digital switching signal for multilevel inverters. The main target of this method is to remove selected undesirable low order odd harmonics from the output multilevel inverter waveform while using a low pass filter to mitigate the highest order harmonics. In addition, it works with low switching frequency, which will minimize the total switching losses without compromising the quality produced voltage. Also, it has the ability to leave tripling harmonics unremoved because it can remove by line to line voltage in three-phase inverter system [23] [24] [25] . Solving a nonlinear equations system in order to calculate the switching angles namely, (ߙ ଵ ǡ ߙ ଶ ǡ ǥ Ǥ Ǥ ǡ ߙ ே ሻ in the range between 0 and 90 o . By setting the best solution of these switching angles under suitable condition of modulation index (m) in the range of Ͳ ൏ ݉ ൏ ͳ, the unwanted low order odd harmonics can be removed from the output signal. Fourier series expansion can be utilized to obtain the amplitude of any odd harmonic of the multilevel inverter output signals which can be given by:
Where: s shows the number of input DC voltage sources, Vn; the amplitude of odd harmonics, n; the odd harmonics number, Vdc; input DC voltage source, N; the number of switching angles, ĮN; switching angles that conditional by:
The major challenge in SHE techniques is that of solving a number of nonlinear equations to obtain a solution of unknown switching angles. Several numerical methods applied to SHE technique such as Generic-Algorithm (GA) [26] , Newton-Raphson (NR) [27] , Particle swarm optimization (PSO) [28] . However, the big problem of solving nonlinear equations with SHE technique in the large number of switching angles, because it makes the algorithm much more complicated. Also, by increasing the number of switching angles, the probability of getting the optimum solution of the switching angles is getting reduced [29] .
IV. OPTIMIZATION HARMONIC ELIMINATION TECHNIQUE
In order to generate a high-quality output signal of the multilevel inverters as close to sinusoidal as possible with the lowest THD, OHET has utilized SHE method to eliminate specific low order odd harmonics by modulating three parameters, (Number of pulses per quarter cycle, Modulation index, and Duty cycle). This method begins by determining the number of pulses in the quarter cycle of the output voltage signal to identify the switching angles which will use to eliminate the unwanted low order harmonics. Using a numerical method of Newton-Raphson identified nonlinear equations are solved to determine the desired switching angles and mitigating the undesirable odd harmonics under different values of modulation indices. In this paper, the power switches in each unit of H-Bridge inverter will switch three times per cycle that means the output voltage signal has nine switching angles. Hence, the undesirable low order odd harmonics which can be eliminated equals to eight selected harmonics. The Fourier expansion of the harmonic component voltage using the SHE schemes for this technique is given by:
There are nine nonlinear equations used to eliminate eight low odd harmonics ( 
.
Where: m is the modulation index and V1 is the amplitude of the fundamental component of the output voltage.
The calculated switching angles ሺߙ ଵ ǡ ߙ ଶ ǡ ǥ Ǥ Ǥ ǡ ߙ ଽ ሻ must satisfy the conditions in (3). In this proposed technique, the Newton-Raphson method has been used to determine nine nonlinear equations. By changing the value of modulation index in the range between Ͳ ൏ ݉ ൏ ͳ can control the amplitude of the first harmonic, while desired unwanted harmonics can be removed from the output signal by making its amplitude equal zero. Each value of modulation index will get a new solution of the switching angles. The best result of switching angles, which achieve a minimum THD which is calculated by:
By changing the position of the switching angle (i.e. ߙ ଵ ሻǡ the duty cycle of the pulse will change affecting value of THD accordingly. In this paper, the duty cycle technique is used to optimize the solution of the switching angles in order to re-mitigate the THD and improve the quality of the multilevel inverter output waveform.
With delaying the optimal solution of the switching angles ሺߙ ଵ ǡ ߙ ଶ ǡ ǥ Ǥ Ǥ ǡ ߙ ଽ ሻ which are obtained in the previous step from the value of (ȟߙሻ as shown in Figure 3 , a new value of THD is obtained. This new value of THD may be rise or fall depending on the position of switching angles. To identify the optimum new position of the switching angles that can achieve a new and lowest value of THD with the highest amplitude of the fundamental component of output voltage, OHET is used by subtraction the factor (οߙሻ from the value of switching angles (ߙ ଵ ǡ ߙ ଶ ǡ ǥ Ǥ Ǥ ǡ ߙ ଽ ሻ as given below:
Where: ߂ߙ in radians and the new switching angles result must be satisfied the condition in (8). Figure 4 shows the solution of switching angles versus different values of modulation index. Using these results of switching angles to calculate THD by (7) in order to identify the best solution which, achieve the lowest THD. The effect of changing modulation index on THD is as shown in Figure 5 . Table 1 . These angles are used to operate the inverter switches. the output voltage waveform of the seven-level cascaded inverter is presented in Figure 6 . The harmonic spectrum analysis of the output signal is shown in Figure 7 . From the simulation results, the undesired odd harmonics (3 rd , to 17 th ) are canceled totally from the output signal with THD at 22.84% in simulation. Total Harmonic Distortion has been one of the biggest issues in the multilevel inverter. By using the proposed method, THD is reduced further in the second pursuit of elimination technique. This technique can delay the switching angles to new positions by adjusting the duty cycle of the pulses in order to reduce THD and increase the magnitude of the fundamental (50Hz) component. The new result of the switching angles of the proposed technique should be under conditions of (8) in the range between 0 to ߨȀʹ. The last result of switching angles at m=0.79 (Table 1) has been delayed by the factor ߂ߙ (step 0.0001rad) as shown in Figure 8 . The factor ȴɲ [rad] From Figure 8 , the lowest value of THD achieved at ߂ߙ=0.0019 radians have reduced from by 0.2% from 20.23% to 20.03%. The new result of switching angles at ߂ߙ=0.0019 is simulated by PSIM softwere and the harmonic spectrum analysis as presented Figure 9 . From simulation results in Figure 7 and Figure 9 , the THD has reduced 0.15% from 22.84% to 22.69%. By changing the duty cycle for second and third pulses twice time of the first pulse, the THD will be better more reduced than the first-time value. Therefore, the new value of switching angles (ߙ ଵ ǡ ߙ ଶ ǡ ǥ Ǥ Ǥ ǡ ߙ ଽ ሻ is as given below: Figure 10 shows the optimum result of THD against new optimization scheme. By calculation the lowest THD achieved at ߂ߙ=0.0036 rad. The THD decreased from 20.23% to 16.15% by 4.08%. The new values of switching angles after varying the duty cycle are presented in Table 2 . The simulation result of the output voltage signal using new values of switching results is shown in Figure 11 . The duty cycle of the output signal pulses in Figure 11 has been changed compared with the duty cycle in Figure 6 . The harmonic spectrum analysis of new results is depicted in Figure 12 . It is clear that from Figure 12 , the duty cycle optimization method reduced the THD from 22 The factor ȴɲ [rad] 
